Makarenko VV, Nanduri J, Raghuraman G, Fox AP, Gadalla MM, Kumar GK, Snyder SH, Prabhakar NR. Endogenous H2S is required for hypoxic sensing by carotid body glomus cells. Am J Physiol Cell Physiol 303: C916 -C923, 2012. First published June 27, 2012; doi:10.1152/ajpcell.00100.2012.-H2S generated by the enzyme cystathionine-␥-lyase (CSE) has been implicated in O2 sensing by the carotid body. The objectives of the present study were to determine whether glomus cells, the primary site of hypoxic sensing in the carotid body, generate H2S in an O2-sensitive manner and whether endogenous H 2S is required for O2 sensing by glomus cells. Experiments were performed on glomus cells harvested from anesthetized adult rats as well as age and sex-matched CSE ϩ/ϩ and CSE Ϫ/Ϫ mice. Physiological levels of hypoxia (PO2 ϳ30 mmHg) increased H 2S levels in glomus cells, and DL-propargylglycine (PAG), a CSE inhibitor, prevented this response in a dose-dependent manner. Catecholamine (CA) secretion from glomus cells was monitored by carbon-fiber amperometry. Hypoxia increased CA secretion from rat and mouse glomus cells, and this response was markedly attenuated by PAG and in cells from CSE Ϫ/Ϫ mice. CA secretion evoked by 40 mM KCl, however, was unaffected by PAG or CSE deletion. Exogenous application of a H 2S donor (50 M NaHS) increased cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]i) in glomus cells, with a time course and magnitude that are similar to that produced by hypoxia. [Ca 2ϩ ]i responses to NaHS and hypoxia were markedly attenuated in the presence of Ca 2ϩ -free medium or cadmium chloride, a pan voltagegated Ca 2ϩ channel blocker, or nifedipine, an L-type Ca 2ϩ channel inhibitor, suggesting that both hypoxia and H2S share common Ca 2ϩ -activating mechanisms. These results demonstrate that H2S generated by CSE is a physiologic mediator of the glomus cell's response to hypoxia.
O 2 sensing; voltage-gated Ca 2ϩ channels; gasotransmitters; arterial chemoreceptors; breathing AN ADEQUATE SUPPLY of O 2 is essential for survival of mammalian cells, and hypoxia (i.e., decreased O 2 availability) profoundly impacts physiological systems. Recent studies have shown that endogenously generated hydrogen sulfide (H 2 S), a gaseous messenger, plays an important role in mediating physiological responses to hypoxia. For instance, H 2 S generated by cystathionine-␤-synthase (CBS) has been implicated in O 2 sensing by fish gill chemoreceptors (21) and in mediating blood vessel relaxation by hypoxia in mouse brain (17) . In mammals, carotid bodies are the primary sensory organs for detecting changes in arterial blood O 2 (13) . Hypoxia increases the sensory nerve activity of the carotid body, which is transmitted to brainstem neurons, leading to reflex stimulation of breathing and elevation of blood pressure. Recent studies establish that 1) CBS and cystathionine-␥-lyase (CSE), the enzymes that catalyze H 2 S generation, are expressed in carotid bodies (15, 22) ; 2) hypoxia increases H 2 S generation (22); 3) exogenous application of an H 2 S donor stimulates carotid body activity (15, 22) ; and 4) blockade of endogenous H 2 S generation impairs carotid body response to hypoxia as well as stimulation of breathing by low O 2 (15, 22) . While these studies demonstrate that endogenous H 2 S is a physiologic mediator of sensory response to hypoxia, the site of its action in the carotid body has not been established.
The carotid body is primarily composed of two cell types: 1) glomus cells or type I cells, which are of a neuronal phenotype; and 2) sustentacular or type II cells, which resemble glial cells of the nervous system (9, 10, 12, 19) . Type I cells express a variety of neurotransmitters and are in synaptic contact with the afferent nerve endings of the sinus nerve (6, 14, 16, 18) . Considerable evidence suggests that type I cells are the primary site of O 2 sensing in the carotid body (13) . Exogenous application of H 2 S donors mimics several effects of hypoxia on glomus cells including inhibition of Ca 2ϩ -activated K ϩ channels (26) and background (TASK) K ϩ channels (3). Whether endogenous H 2 S contributes to the glomus cell's response to hypoxia, however, has not been examined. Although the carotid body expresses both CBS and CSE, our previous study showed that genetic deletion of CSE alone is sufficient to disrupt the carotid body sensory response to hypoxia in mice (22) . Consequently, in the present study, we assessed the role of the CSE-H 2 S system on glomus cell responses to hypoxia. Glomus cell response to hypoxia was determined by monitoring catecholamine (CA)secretion in response to low O 2. Our results demonstrate that pharmacological as well as genetic disruption of the CSE-H 2 S system disrupts Ca 2ϩ signaling in glomus cells, thereby impairing hypoxia-evoked exocytosis.
1

MATERIALS AND METHODS
Experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Chicago. All experiments were performed on adult male Sprague-Dawley rats as well as age and sex-matched CSE ϩ/ϩ and CSE Ϫ/Ϫ mice. Primary cultures of glomus cells. Carotid artery bifurcations were dissected from anesthetized (urethane; 1.2 g/kg, ip) rats and mice. Carotid bodies were removed and cleaned from surrounding tissues, and glomus cells were dissociated using a mixture of collagenase P (2 mg/ml; Roche), DNase (15 g/ml; Sigma), and bovine serum albumin (BSA; 3 mg/ml; Sigma) at 37°C for 20 min, followed by a 15-min incubation in medium containing DNAse (30 g/ml). Cells were plated on collagen (type VII; Sigma)-coated coverslips and maintained at 37°C in a 7% CO 2 ϩ 20% O2 incubator for 24 h. The growth medium consisted of F-12K medium (Invitrogen) supplemented with 1% fetal bovine serum, insulin-transferrin-selenium (ITS-X; Invitrogen), and 1% penicillin-streptomycin-glutamine mixture (Invitrogen).
Immunocytochemistry. Glomus cells grown on collagen-coated coverslips were fixed with 4% paraformaldehyde for 30 min at room temperature. Permeabilized cells were incubated with polyclonal rabbit anti-CSE antibody raised using bacterially purified full-length His-tagged CSE as antigen (1:400), and monoclonal mouse antityrosine hydroxylase antibody (1:2,000; Sigma), an established marker of glomus cells (10, 19) , followed by Texas red-conjugated goat anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG (1:250; Molecular Probes) in phosphate-buffered solution (PBS) containing 1% normal goat serum and 0.2% Triton X-100. Cells mounted in Vectashield containing DAPI (Vector Labs) were analyzed using a fluorescent microscope (Eclipse E600; Nikon).
Measurements of H 2S. H2S levels in the glomus cells were assayed as described previously (22) . Briefly, glomus cell homogenates were prepared in 100 mM potassium phosphate buffer (pH 7.4). The enzyme reaction was carried out in sealed tubes flushed with either O 2 or 1% O2-99% N2 gas mixture. The PO2 of the reaction medium was determined by blood gas analyzer (ABL5). The assay mixture in a total volume of 500 l contained (in final concentration) 800 M L-cysteine, 80 M pyridoxal 5=-phosphate, 100 mM potassium phosphate buffer (pH 7.4), and cell homogenate (2 g of protein). The reaction mixture was incubated at 37°C for 1 h and at the end of the reaction, alkaline zinc acetate (1% wt/vol; 250 l) and trichloroacetic acid (10% vol/vol) were added sequentially to trap H2S generated and to stop the reaction, respectively. The zinc sulfide formed was reacted sequentially with acidic N,N-dimethyl-p-phenylenediamine sulfate (20 M) and ferric chloride (30 M) , and the absorbance was measured at 670 nm using a microplate reader. A standard curve relating the concentration of Na2S and absorbance was used to calculate H2S concentration and values are expressed as nanomoles of H2S formed per hour per milligram protein.
Measurements of catecholamine secretion by amperometry. Catecholamine secretion from glomus cells was monitored by amperometry using carbon-fiber electrode. The electrode was held at ϩ700 mV versus a ground electrode using an NPI VA-10 amplifier to oxidize catecholamines. The amperometric signal was low-pass filtered at 2 kHz (eight-pole Bessel; Warner Instruments) and sampled into a computer at 10 kHz using a 16-bit analog-to-digital converter (National Instruments). Records with root-mean-square noise Ͼ1.0 pA were not analyzed. Amperometric spike features, quantal size, and kinetic parameters were analyzed using a series of macros written in Igor Pro (WaveMetrics). The detection threshold for an event was set at four to five times the root-mean-square noise. The area under individual amperometric spikes is equal to the charge (picocoulombs) per event, referred to as Q. The number of oxidized neurotransmitter molecules (N) was calculated using the Faraday equation, N ϭ Q/ne, with n ϭ 2 electrons per oxidized molecule of transmitter, and where e is the elemental charge (1.603 ϫ 10 Ϫ19 C). Because the number of events varied considerably from cell to cell, the data from each cell were averaged to provide a single number for the overall statistic. The number of secretory events and the amount of catecholamine secreted per event were analyzed in each experiment, and the data are expressed as total catecholamines secreted.
Amperometric recording solutions and stimulation protocols. Amperometric recordings were made from adherent cells that were under constant perfusion (flow rate of ϳ1.0 ml/min; chamber volume, ϳ80 l). All experiments were performed at ambient temperature (23 Ϯ 2°C), and the solutions had the following composition (in mM): 138 NaCl, 1.3 CaCl2, 0.4 MgCl2-6 H2O, 0.5 MgSO4-7H2O, 5.3 KCl, 0.4 KH 2PO4, 0.3 Na2HPO4-7H2O, 5.6 dextrose, and 20 HEPES at pH 7.35 and osmolarity (300 mosM). Control normoxic solutions were equilibrated with room air (PO2 ϳ146 mmHg). For challenging with hypoxia, solutions were degassed and equilibrated with hypoxic gas mixture that resulted in a final medium PO2 ϳ30 mmHg as measured by blood gas analyzer. In experiments testing the effects of Ca 2ϩ -free medium, Ca 2ϩ was omitted in the medium and EGTA (0.5 mM), a Ca 2ϩ chelating agent, was added to the medium. Measurements of [Ca 2ϩ ]i. Cells were incubated in Hanks' balanced salt solution (HBSS) with 2 M Fura-2-AM and 1 mg/ml albumin for 30 min and then washed in a Fura-2-free solution for 30 min at 37°C. The coverslip was transferred to an experimental chamber for determining the changes in cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]i). Background fluorescence at 340 and 380 nm wavelengths was obtained from an area of the coverslip that was devoid of cells. On each coverslip, five to twelve glomus cells were selected (identified by their characteristic clustering) and individual cells were imaged. Image pairs (one at 340 and the other at 380 nm) were obtained every 2 s by averaging 16 frames at each wavelength. Data were continuously collected throughout the experiment. Background fluorescence was subtracted from the individual wavelengths. The image obtained at 340 nm was divided by the 380 nm image to obtain ratiometric image. Ratios were converted to free [Ca 2ϩ ]i using calibration curves constructed in vitro by adding Fura-2 (50 M free acid) to solutions containing known concentrations of Ca 2ϩ (0 -2,000 nM). The recording chamber was continually superfused with solution from gravity-fed reservoirs.
Drugs and chemicals. DL-propargylglycine (PAG; Sigma-Aldrich), NaHS (Sigma-Aldrich), cadmium chloride (Sigma-Aldrich), and nifedipine (Calbiochem) were obtained from commercial sources. All stock solutions were made fresh before the experiments. PAG stock solutions (5 mM) were made in HBSS, and pH was adjusted to ϳ7.38. Desired concentrations of PAG were added to glomus cell culture plates to obtain a final concentration of either 50 or 100 M. Stock solutions of NaHS (30 mM) were prepared in HBSS, with pH adjusted to 7.38, and were kept on ice. Desired concentrations of NaHS were added to the perfusate to obtain final concentrations of 30, 50, 100, and 300 M immediately before the experiment. Given that NaHS is very unstable, the solutions were used within 1 h after its preparation.
Analysis of data. Average data are presented as means Ϯ SE. Statistical significance was assessed by ANOVA. P Ͻ 0.05 was considered significant.
RESULTS
CSE expression in primary cultures of rat glomus cells and the effects of hypoxia on CSE-mediated H 2 S generation.
CSElike immunoreactivity was seen in glomus cells dissociated from rat carotid bodies as evidenced by colocalization with tyrosine hydroxylase (TH), an established marker of these cells (Fig. 1A) (10, 19) . H 2 S levels were determined in glomus cells under normoxia (PO 2 ϳ146 mmHg) and hypoxia (PO 2 ϳ30 mmHg). H 2 S levels increased by approximately fivefold in response to hypoxia (Fig. 1B) . To determine whether CSE contributes to hypoxia-evoked H 2 S generation, cells were treated with increasing concentrations of PAG, an inhibitor of CSE (1, 29) . PAG treatment attenuated hypoxia-evoked H 2 S generation in a concentration-dependent manner, whereas it had no significant effect on basal H 2 S levels under normoxia (P Ͼ 0.05; Fig. 1B ).
Effect of blockade of H 2 S generation on hypoxia-evoked exocytosis from glomus cells. Catecholamine (CA) secretion from isolated glomus cells was determined by carbon-fiber amperometry (4, 27) . Hypoxia (PO 2 ϳ30 mmHg) stimulated CA secretion, and this response was significantly attenuated in cells treated with 50 M PAG (P Ͻ 0.01; Fig. 2, A and C) . In striking contrast, CA secretion elicited by 40 mM KCl, a nonselective depolarizing stimulus, was not affected by 50 M PAG (Fig. 2, B and D) . PAG (50 M) by itself had no effect on basal CA secretion (basal catecholamine secretion 10 5 molecules/min. Control, 3.8 Ϯ 0.8; n ϭ 21 cells; 50 M PAG, 3.1 Ϯ 0.8; n ϭ 13 cells; P Ͼ 0.05). In cells treated with 100 M PAG, hypoxia as well as KCl-evoked CA secretion was attenuated, indicating nonspecific effects of PAG at higher doses (2, A-D).
We recently reported that CSE is also expressed in glomus cells of the mouse carotid body and that hypoxia-evoked H 2 S generation was absent in carotid bodies from CSE Ϫ/Ϫ mice (22) . To further assess the role of CSE-generated H 2 S, studies were performed on glomus cells from wild type (CSE ϩ/ϩ ) and CSE Ϫ/Ϫ mice. Glomus cells from CSE ϩ/ϩ mice responded to hypoxia with robust CA secretion. Hypoxia-evoked CA secretion was significantly attenuated in CSE Ϫ/Ϫ mice (Fig. 3, A and  C) . In striking contrast, glomus cells from both genotypes responded to KCl with comparable magnitude of CA secretion (Fig. 3, B and D ] i is an obligatory step in hypoxia-evoked CA secretion from glomus cells (7, 27 ] i responses were monitored in response to 30 M NaHS (a concentration close to EC 50 for H 2 S response) alone and in combination with hypoxia (PO 2 ϳ30 mmHg). As shown in Fig. 6, A and B ] i than either stimulus alone (Fig. 6, A and B) . On the other hand, 100 M NaHS caused greater elevation of [Ca 2ϩ ] i than hypoxia (PO 2 ϳ30 mmHg; Fig. 6, C and D) . Combined application of 100 M NaHS and hypoxia had no further additive effect on [Ca 2ϩ ] i response of glomus cells (Fig. 6, C and D ] i responses to hypoxia and NaHS were abolished in Ca 2ϩ -free medium (Fig. 7, A and B ] i responses to hypoxia and NaHS (Fig. 7, C and D ] i responses to hypoxia and NaHS (Fig. 7, E and F) .
NaHS at higher concentration (300 M) produced a modest increase in [Ca 2ϩ ] i compared with 50 M NaHS, and this response persisted in Ca 2ϩ -free medium (Fig. 8, A and B) . At higher concentrations, NaHS significantly reduced cell viability as determined by Trypan blue exclusion (Fig. 8C) .
DISCUSSION
The present study examined the role of the endogenous H 2 S generated by CSE in glomus cell responses to hypoxia. CA secretion evoked by low O 2 was used as readout of hypoxic response of glomus cells. Our results demonstrate that primary cultures of glomus cells retain CSE expression and respond to hypoxia with increased generation of endogenous H 2 S. PAG, a CSE inhibitor (1, 29) , not only prevented hypoxia-evoked H 2 S generation but also resulted in loss of hypoxia-evoked CA secretion. A similar loss of hypoxic response was also seen in glomus cells from CSE Ϫ/Ϫ mice. The above described effects were unique to hypoxia, because CA secretion by KCl was unaffected by PAG and in CSE Ϫ/Ϫ cells. We could not assess whether exogenous application of H 2 S mimics the effects of hypoxia on glomus cells, because the H 2 S donor interfered Data are presented as means Ϯ SE from five independent experiments. **P Ͻ 0.01; ***P Ͻ 0.001; n.s., not significant (P Ͼ 0.05).
with CA detection by amperometry. We also tried to examine the effects of increased H 2 S production per se on CA secretion by treating glomus cells with increasing concentrations of L-cysteine, a substrate for CSE. Although biochemical measurements showed increased H 2 S levels in cells treated with L-cysteine, L-cysteine, like H 2 S donor, also interfered with CA detection by amperometry. Furthermore, the approach for measuring H 2 S generation employed in the present study did not allow us to correlate the time course of hypoxia-evoked H 2 S generation with CA secretion. Nonetheless, since PAG as well as genetic loss of CSE prevented endogenous H 2 S generation by hypoxia (22, and Fig. 1) , we attribute the loss of hypoxic response to lack of endogenous H 2 S generation by low PO 2 .
How might hypoxia increase H 2 S levels in glomus cells? Hemeoxygenase-2 (HO-2), which generates carbon monoxide (CO), is expressed in glomus cells, and HO inhibitor increases H 2 S generation in wild type but not in CSE Ϫ/Ϫ carotid bodies (22, 23) . These findings prompted us to propose that hypoxiaevoked H 2 S generation in the carotid body involves interaction of CSE with HO-2 (22) . It is likely that a similar mechanism contributes to increased H 2 S levels by hypoxia in primary cultures of glomus cells as well. Recently, Fu et al. (8) Besides CSE, CBS is another major enzyme for endogenous H 2 S generation. Aminooxyacetic acid (AOAA), a purported inhibitor of CBS, has been shown to attenuate carotid body response to hypoxia (15) . However, AOAA is known to inhibit pyridoxal phosphate (PLP)-dependent enzymes including 4-aminobutyrate aminotransferase (GABA-T; 2) and increase GABA levels in tissues (28) and disrupt mitochondrial function (11) . Since the carotid body sensory response to hypoxia is profoundly affected by GABA (31) and requires intact mitochondrial function (see 13 for ref.), it is uncertain whether the effects of AOAA on carotid body responses to hypoxia are due to inhibition of CBS-generated H 2 S or secondary to changes in GABA levels and/or mitochondrial function. Genetic disruption of CBS results in homocyst-(e)inemia (30) and its consequences on the carotid body sensory activity are not known. Because of these limitations, we did not pursue examining the relative contribution of H 2 S generated by CBS to glomus cell response to hypoxia. Since both pharmacological (PAG) and genetic disruption of CSE function impaired glomus cell response to hypoxia, it is reasonable to conclude that ] i . Indeed, NaHS, a H 2 S donor, like hypoxia, caused prompt and reversible increases in [Ca 2ϩ ] i with a comparable time course and magnitude of the response as shown in the present study (Fig.  5, A and B) and as reported recently by Buckler (3) . Furthermore, [Ca 2ϩ ] i responses to hypoxia were pronounced in the presence of NaHS at a dose closer to EC 50 but not with a higher dose of NaHS (Fig. 6, A-D) . These observations suggest that both hypoxia and H 2 S utilize common mechanism(s) for elevating [Ca 2ϩ ] i in glomus cells. Several studies reported that voltage-gated Ca 2ϩ entry mediates hypoxia-induced increases in [Ca 2ϩ ] i (20, 24, 25 ] i evoked by both stimuli in the presence of nifedipine might be due to activation of voltage-gated Ca 2ϩ channels other than L-type, whose identity remains to be investigated.
It is noteworthy that at higher concentration, NaHS (300 M) produced only a modest elevation of [Ca 2ϩ ] i compared with 50 M of NaHS, and decreased glomus cell viability. The elevation of [Ca 2ϩ ] i produced by 300 M NaHS was not affected by removal of extracellular Ca 2ϩ . These results suggest that the elevation of [Ca 2ϩ ] i produced by high concentrations of NaHS seems to require mobilization of intracellular Ca 2ϩ stores, possibly involving mitochondrion as suggested recently (3, 8) . ]i responses to hypoxia (PO2 ϳ30 mmHg), NaHS (100 M), and combined application of both hypoxia (PO2 ϳ30 mmHg) and NaHS (100 M) in rat glomus cells (n ϭ 17 cells). Horizontal bar represents the duration of hypoxia and NaHS applications. Ca 2ϩ responses were analyzed as ⌬changes, i.e., stimulus minus baseline, and the data are presented as means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01; n.s. ϭ not significant (P Ͼ 0.05).
Previous studies by us (22) and other investigators (15) have shown that endogenously generated H 2 S is critical for sensory excitation of the carotid body by hypoxia. This increase in the sensory activity could be due to actions of H 2 S on the afferent nerve endings and/or on glomus cells. The present study provides evidence for glomus cells as a major target of endogenous H 2 S and further demonstrates that it regulates Ca 2ϩ signaling, which is an obligatory step in the transduction of the ]i responses of rat glomus cells to hypoxia and NaHS. **P Ͻ 0.01; ***P Ͻ 0.001; n.s. ϭ not significant (P Ͼ 0.05). hypoxic stimulus to nerve encoded activity of the carotid body. Further studies, however, are needed to assess whether H 2 S also directly acts on the sensory nerve endings of the carotid body. 
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